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PREFACE

" This Final Report documents work performed by Saddleback Aerospace for the
USAF/Phillips Laboratory during a Phase I SBIR effort. The technical monitor for the

_program was Ms. Mary Corrigan of PL/VTPT, whe was assisted by Dr. Donald Gluck of

The Aerospace Corporation, - The Program Manager and Principal Investigator for the

contract was Mr. Geoffrey O. Campbell. Thanks are due Dr. David G. Paquette (AMITA)

and Dr. Gluck for their technical assistance.

Metric units have been used throughout the text, except for pressure where the psi (Ib/in?) is

used.
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1.0 INTRODUCTION

Progress in the development of Semiconductor Laser Diode Arrays (SLDAs) has resulted in
high efﬁciency;, compact devices suitable for use in a variety of applications. As these
devices are driven to operation at increasing power levels, heat dissipation problems can limit
the peak power, lasing line stability, and/or the lifetime of the array. Already, SLDAs
currently being fabricated have heat dissipation requirements that cannot be met by
conventional heat sink or cold plate technology. New, more effective heat dissipation

technologies are required.

One of the most promising emerging thermal management approaches is the use of
"microchannel” cooling, wherein cooling is provided by hundreds of miniature passages.
Microchannels have excellent heat transfer capabilities; typically a microchannel cooler can
achieve a 20X decrease in thermal resistance as compared with a conventional water-cooled
hea{sink. These gains are due to: 1) the large heat transfer area/unit volume, 2) the large
convective heat transfer coefficients due to the small hydraulic radius of the channels, and 3)
reduced thermal resistance of the plate assembly due to the thin face sheet.

There are issues associated with current microchannel designs, however. The micro-
machining and anisotropic etching techniques used to create microchannels restrict design
choices and limit the attainable channel aspect ratio. The geometry resulting from the
etching proces also complicates the design of the inlet and outlet manifolds. The current
approaches have resulted in delicate structures, with questionable suitability for practical use.
These issues are responsible for the relatively slow development of the microchannel
concept; while the first work was done as early as 1980, it was vimtil 1991 that a complete

prototype cooling system was developed.

Saddleback investigated an alternative microchannel fabrication approach in the Phase I SBIR
effort reported here. This approach offers greater design versatility, improved thermal

performance, and improved strength over the microchannel concepts considered previously.

1




’f_l:he concept is sketched in Figure 1, which depicts an array of laser diode bars mounted on a
_diamond heat spreading layer, which is'in turn mounted to the microchannel cooler. The
éooler itself is fabricated from a stack of thin (S(jﬁm) copper foils, which have been soldered
together to form a solid structure. Each foil is photochemically etched with a detailed
pattern to form the microchannels and the inlet and outlet supply manifolding. In the figure,
the main and secondary manifolds are etched all the way through the foil, the microchannel
section is etched halfway through, and the unetched cylinders left in each microchannel are

used as heat transfer augmentation fins.

Three prototype coolers similar to the design shown in Figure 1 were fabricated in the Phase
I program, and one of the coolers was tested to a heat flux of 500 W/em?. A photograph of
the cooler during exposure to this heat flux is presented in Figure 2. The figure shows the

model, held in an insulated test fixture, with its front face immersed in the 1400 °C flame of
a propane torch. This prototype cooler was exposed to ten of these tests, with no change in

its exterior appearance or internal flow characteristics, and with a maximum surface

temperature of 60 °C.

Figure 2. Phase I microchannel cooler during exposure to 500 W/cm? heat flux.

- 2
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The figure of merit for microchannel performance is the thermal resistance between the
microchannel surface and the coolant, so for comparison purposes a list summarizing the
configurations and thermal resistance values of previously tested microchannel coolers has
been compiled (Table 1). There is some ambiguity in the definition of thermal resistance for
many of the tested configurations, so the table shows two bounding values of thermal
resistance for each cooler (this issue is discussed further in Sections 2 and 6). The Phase I
data from the Figure 2 test indicated that the Saddleback prototype model had a thermal
resistance of 0.083 °C/(W/cm?). Of the table entries, only the Lawrence Livermore National
Laboratory (LLNL) Zs}xm X ISOﬁm design appears to have reported superior performance to
the Saddleback prototype.

The thermal resistance value for the Saddleback prototype was nearly the lowest ever
measured for a single-phase forced convection cooling system. It does not, however,
represent the ultimate capability of this approach. Fabrication difficulties are suspected to
have significantly degraded the flow and heat transfer performance of the Phase I prototypes.
When these difficulties have been resolved, the Saddleback microchannel coolers should have
roughly half the thermal resistance of even the LLNL design. '

In summary, the Phase I study demonstrated a new microchannel cooling concept, which
offers many advantages over previous concepts. Major features of this concept incfude
rugged construction, compact packaging, and extremely low thermal resistance. The
Saddleback cooler appears to be well suited for the task of cooling high power laser diode
arrays, particularly in military shock and vibration environments. The Phase I also laid the
groundwork for future research, identifying areas where the analytic and manufacturing

methodologies require improvement.
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2.0 SURVEY OF THE LITERATURE

The concept of microchannel cooling for the thermal management of semiconductor devices
“was first introduced in Reference 11, and expanded upon 12. In these papers the authors
noted that since the thermal resistance between a coolant passage wall and the bulk coolant
drops with decreasing channel width, a heat exchanger with very thin passages and very thin
passage walls could provide large heat transfer coefficients and large heat transfer areas per

unit heated area. The concept is shown in Figure 3, where the configuration and fabrication

are illustrated.
Externally Heated
Surface
Silicon Microchannel Silicon is Anisotropically Glass Manifold Plate is
Fabrication Begins with Etched or Machined with Bonded to Seal Channels and
Unetched Block Diamond Saw to Form Provide Manifolding to the

Microchannels Microchannels

Figure 3. Conventional microchannel construction.

The authors also pointed out that such a structure could be fabricated using the anisotropic
etching properties of silicon. The atomic planar density of silicon varies significantly with
crystalline direction, so that the etch rates in the 100 plane and the 110 plane are
approximately an order of magnitude larger than the rate in the 111 plane. This permits the
etching of deep grooves in silicon, with depth-to-width ratios of frorhh 10 to 20 (in practice,
for thin channels, ratios of 8 - 10 are the maximum that can be achieved). Using this
approach, the authors were able to construct 3 prototype microchannel assemblies, which
were then tested to 790 W/cm? in a successful demonstration of their heat dissipation

capability.




Although the concept of microchannel cooling was first formalized in Ref. 11, it should be
noted that the concept of using small etched or machined channels for high heat flux cooling
has existed for over 30 years. Allison Gas Turbines, for instance, began producing
Lamilloy® for cooling turbine blades in the early sixties. Aerojet first developed etched
metal “platelets” for rocket injectors, later adapting the technology for cooling reentry
vehicle nosetips in the late-60’s. These efforts have continued through the last decade.
Reference 13 reports a variety of micro-heat exchanger development efforts by companies
such as 3M, Rolls-Royce, Heatric Pty Ltd., Messerschmidt-Bolkow-Blohm, and Doty

Scientific, which all have arisen independently from microchannel cooling researches.

In the specific area of microchannel research, however, the initial work reported in Ref. 11
gave rise to a variety of subsequent efforts, resulting in the generation of a scattered body of
literature. This literature was reviewed recently, in a fairly comprehensive survey (Ref. 14).
The predominate groups covered in the review were Stanford/Livermore, MIT Lincoln
Laboratory, North Carolina State University, Auburn University, NTT (Japan), and Tohoku
University (Japan). During the course of the Phase I effort Saddleback obtained most of the
original sources reviewed in Ref. 14. The results of Saddleback’s review are presented in
the following sections. The sections are divided into those studies in which microchannel
coolers were actually fabricated and tested, and those studies which concentrated mainly on
design studies or analytic model development. The focus is largely on those coolers which
were actually tested, since these provide a basis for comparison with the Phase I test results.

2.1 MICROCHANNEL TEST DATA REVIEW

There are several difficulties in interpreting the reported results in the literature. Most of
these difficulties stem from the fact that the studies were focussed on optimizing and
demonstrating the performance of the laser diode or diode array, rather than testing the
microchannel performance itself. That is, many of the cited experiments were designed to

measure laser performance parameters such as wavelength stability and output power, with




reduced emphasis on obtaining quality measurements of the microchannel cooler thermal

performance. This renders some of the most outstanding results suspect.

For instance, the only absolutely reliable means of determining the heat flux absorbed by the
coolant is to measure the coolant inlet and outlet temperatures, and the coolant flow rate.
While all investigators cited in Table 1 reported measurements of the coolant inlet
temperature and flow rate, the best performers (LLNL, MIT/LL and Perkin Elmer)
apparently did not measure the coolant outlet temperature. Instead, they inferred the
absorbed heat flux by subtracting the laser power output from the electrical input power.
This can be a dangerous practice, since the waste heat flux can find a variety of dissipation
paths, leading one to underpredict the value of thermal resistance. This situation is
aggravated by the fact that no attempt was made to eliminate conduction or convection losses

around the periphery of the model.

A second example is the test configuration. Almost all of the experiments listed in the table
were performed for cases where the heated area on the cooler was much smaller than the
cooled surface area. This allows thermal spreading, i.e., once the heat enters the cooler
faceplate, it can spread laterally in one or two dimensions, as shown in Figure 4. ;I‘he
thermal resistance concept is really designed for 1D heat flows,-and does not give a realistic
indication of the intrinsic heat transfer performance of a cooler‘when thermal spreading
occurs - the thermal resistance of a cooler can vary by factors greater than jféiimply by
changing the effective size of the heated footprint. Unfortunately, this is usually the only

performance indicator given in the literature.

In théﬂTable, the local values of the heat flux and thermal resistance are based on the area of
the heat source, while the average values are based on the surface area of the cooler. Thus,
the local values will be too high, and the average values will be too low - these values are
provided in order to bound the actual value. The actual value might typically be expected to
be about 3 times larger than the local value. For instance, the local thermal resistance
reported by Lawrence Livermore National Laboratory (LLNL, Ref. 1) shown in the first row

8




of the table is 0.014 °C-cm?/W. This value, however, is based on an area of 0.03 cm? (the
footprint of the heat source), rather than the total surface area of the microchannel cooling
section, which would give an average thermal resistance of 0.059 °C-cm*W. In an attempt
to account for thermal spreading, we obtained an estimated equivalent thermal resistance of
about 0.048 °C-cm*W. The testing by McDonnell Douglas Electronics Corporation
(l\dDEC), Sunstrand Corporation, Saddleback Aerospace, and LLLNL (3rd row of the. table),
were/ Eénducted with the heat flux distributed over the entire front face (as in Figure 1), to

prevent heat spreading effects from distorting the test resulits.

Thermal Spreading of No Thermal Spreading.
Heat Flux into Spreader Uniform Heat Flux Gives
and/or Faceplate "True" Value of Thermal Resistance.
| Laser
| 11 Diode N I S
<// ‘l‘ Heat Spreader ‘l‘ ‘L ‘l’ \L ‘L
Face Plate
l Microchannel T l Microchannel T
- Water Out Water In Water Out Water In

Figure 4. Thermal spreading phenomenon .

| Stanford Univefsigy/Lawreng& Livermore National Laboratory. The Reference 2 author
carried his work to Lawrence Livermore after graduating in 1984. Since that time Lawrence
Livermore has been the most prolific source of published microchannel research. Much of
the silicon machining, bonding and manifolding technology was developed at Livermore in
the mid- to late-80’s. The result of this work has been the fabrication of the first complete
microchannel-cooled laser diode assembly (Reference 1;5). This assembly had a linear array

of 42 cooling modules, with a 330 um x 1.8 cm laser diode bar mounted on each module.




They have actually used this assembly to pump an Nd:YAG slab laser to an output of 1 kW
®ef. 16). |

Most of the LLNL work has been directed toward cooling of SLDAs (Refs. 1 - 3, -155,
although one reference concentrates on the cooling of RF power transistors (Ref. 17). Most
of the work has also been conducted with silicon microchannels of 25 um width, with heights
ranging from 150 - 225 pm, with fin widths of 25 um, and with faceplate thicknesses from
125 - 175 pm. These microchannels have been used to dissipate local heat fluxes as high as

2.7 kW/cm?, although the average heat fluxes over the cooler face are much smaller.

LLNL has investigated several mounting approaches, two of which are discussed here. The
first, shown in Figure 5, shows an array of laser diodes, each mounted on a diamond chip
carriers which are in turn mounted to the silicon cooler. This arrangement was described in
Reference 18 to provide a measured thermal resistance of 0.04 °C/(W/cm?), although there
appear to be some anomalies. First, only one diode/carrier assembly was tested on the
cooler, so thermal spreading effects could be assumed to be important. The authors
estimated that the thermal resistance if the cooler were covered with diode/carrier assemblies
would increase to 0.09 °C/(W/cm?). The second anomaly was that a relatively large copper
electrode was placed on the side of the diode opposite the diamond carrier. The electrode
was mounted firmly to both the diode and the silicon microchannel structure, and so provided
an additional thermal conduction path not considered in the calculation of thermal resistance |
(this is probably a 10% - 20% error).

This configuration was revisited in Reference 2, where 3 diodes were sandwiched between 4
diamond carriers to form a small array. In this case 50 um x 200 um microchannels were
used. The diodes were then driven at 8 kHz with a 40% duty cycle. The thermal resistivity
.was given as 0.094 °C/(W/cm?), and this value should require only minimal correction for
thermal spreading effects (heating footprint = 0.14 cm?, while the total cooled area = 0.4
cm?), although some questions concerning the time-averaging of the thermal resistance

remain.

10
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Figure 5. LLNL diamond carrier mounting configuration

The most recent mounting approach used by LLNL is depicted in Figure 6. In this figure,
the diodes are shown mounted on small cooling wafers, which are stacked together to form a
1D array. Each wafer is formed by three layers, the first is a 381 um thick silicon wafer
with the microchannels and with the inlet manifold pattern for the microchannels. The
etched side of the wafer is bonded to a 787 um borosilicate glass spacer plate, which has
through-holes in key areas to allow inlet outlet flows to pass through the spacer plate. A
second silicon wafer (again, 381 um thick) has the return manifold pattern etched on its face,
and its etched side is bonded to the opposite side of the spacer plate. The entire assembly is
thus 1.55 mm thick.

This mounting scheme was also used by McDonnell-Douglas Electronics Corporation, as
discussed below. Its advantage is that defective diodes or wafer coolers can easily be
replaced in the array. There are two disadvantages with this approach, as well. The first is
that the wafer thickness limits the proximity of adjacent array elements. The second is the
entire assembly has a large dedicated manifolding/coolant routing volume, which may restrict

usage in military systems.
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Figure 6. Side-mounting of laser diodes on wafer coolers .

MIT/Lincoln Labdratg_l:y. The work reported in Reference 4 included the fabrication and
testing of 2 microchannel structures fabricated from Indium Phosphide. InP has a thermal
conductivity of about 0.6 W/cm/K, versus about 1.5 W/cm/K for silicon and about 4
W/cm/K for copper. It was selected as the heat sink material due to the prospect that
microchannels might be built directly into the back side of InP chips. The channels
machined into these two structures were 160 pm x 160 ym and 220 um x 165 pum,
respectively. These low aspect ratios were selected for ease of manufacture, and because the

target thermal resistance for these coolers was comparatively high.

" The models were tested with four 0.0625 cm? resistors on the roughly 1.12 cm? cooled

surface. Thus thermal spreading effects would be important in these experiments. The local
thermal resistance results, listed in Table 1, are surprisingly low given the low material
conductivity and the large size and low aspect ratio of the channels. The author mentions
that because one power supply was used to power all four resistors, the power to any

particular resistor varied, making the analysis of the data more difficult. No apparent
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attempt was made to measure outlet water temperatures, to confirm the average power

dissipation values.

MIT/LL also fabricated silicon microchannel coolers, as described in Reference 5. The
microchannels were 100 um x 400 um, with a 175 um faceplate. A 0.04165 cm? laser diode
array was mounted in the middle of the 0.8 cm? cooler. The cooler had large pressure losses
despite the relatively large size of the passages - this was due to the long léngths (1 cm) of
the channels, which had to traverse the entire cooler. The local thermal resistance of 0.04

°C/(W/cm?), as reported in Table 1, is significantly low due to thermal spreading effects.

An updated silicon microchannel design was tested in ReferenceZO, which describes a means
of alternating the water flow in adjacent channels to reduce thermal gradients in the cooler.
An experiment to evaluate this design was conducted, and this experiment provided a fairly
uniform heat flux over the entire cooled surface (the edges of the cooler were allowed to
conduct into a brass holder). Unfortunately, the channel dimensions are not given, although
it is noted that there were 33 channels per centimeter. This suggests that the channel widths
were 100 - 150 um. The cooled area was 1 cm x 2.3 cm, with the channels running in the

lengthwise direction.

Two experiments were run, one with a water flow rate of 15.8 g/s (and a pressure drop of
10.6 psi), and the second with a water flow rate of 28 g/s (and a pressure drop of 36 psi).
These pressurerdrop values indicate that the passages were substantially larger than in
previous studies. The low flow rate experiment yielded a thermal resistance of 0.14
°C/(W/cm?, while the high flow rate test had a value of 0.11 °C/(W/'cm2 . These values
are substantially higher than most reported in the literature. This is due to the 1D test
configuration (which eliminates thermal spreading effects) and to the larger size of the

passages.

Perkin Elmer Corporation. The Reference 6 paper describes a silicon microchannel cooler

built to cool a 2D surface-emitting diode laser array. They report a thermal resistance of
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only 0.009 °C/(W/cm?) for their test configuration - the lowest reported by any investigator.
As will be discussed below, however, it is suspected that this value is far lower than it
should be - even accounting for thermal spreading effects. Details of their experiment are

given below.

The 4 x 10 regular rectangular laser diode array was composed of 10 um x 800 um gain-
guided stripes on 380 um x 1300 um centers, embedded in a monolithic wafer. The wafer
was bonded to a copper sheet (900 um thick), which was soldered in turn to the copper-
plated surface of the silicon microchannel cooler. The array area was 0.16 cm?, compared to
a total cooler size of 2.7 cm?. The diamond-sawed silicon microchannels were 36 pm wide

and 420 um deep, with 64 um primary fins and a 190 um faceplate.

Tests were conducted at continuous wave operation with reported heat loads as high as 600
W/cm?. It is not clear how this number is calculated, since the heated area footprint is never
specified. In addition, the heat load was calculated assuming that all of the resistive power |
losses occurred in the active region, but at one point in the report it is noted that resistive
heating in the gold wires on the "top" side of the array (the side away from the cooler) was
sufficient to melt the wire bonds. This suggests that not all (and maybe not even most) of
the waste heat was generated in the active region, and that other heat transfer mechanisms
(radiation, surface convective cooling, lateral conduction) could be responsible for dissipating

a substantial portion of the waste power.

The tested configuration can be expected to have had very large thermal spreading effects,
first in the wafer itself, then in the 900 um copper block, and finally in the silicon faceplate.
Due to the stacked layers, thermal spreading will have been more significant in this
configuration than in any other reviewed in this report. The authors measured a thermal
resistance of 0.038 °C-cm?W based on the wavelength shift of the laser, and claimed that
0.029 °C-cm?*/W of this resistance was due to the conductive resistance between the active
layer and the copper block. This leaves 0.009 °C-cm*W as the resulting thermal resistance

from the copper block/laser array interface to the coolant. The authors mention that this is a
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much smaller value than they had expected, and attribute the difference to thermal spreading.
It should be noted, however, that the 1-D thermal resistance of just the copper block and the
silicon faceplate is: (0.09 cm)/(3.9 W/cm-K) + (0.0190 cm)/(1.4 W/cm-K) = 0.0366 °C-

cm?/W, which is nearly as large as the entire thermal resistance the authors measured.

For these reasons, the thermal resistance values quoted by the authors should not be used for
comparison purposes until more data becomes available. The measured pressure drop - 45
psi for a channel length of 10000 um - is reasonable and consistent with the results of other

investigators, most notably Cornell (see Table 1).

McDonnell-Douglas Electronics Company. References 10 and 21 discuss the design and
testing of "wafer thin coolers" intended for cooling GaAs laser diode bars. The updated
design discussed in the Reference 21 paper has similarities to the stacked silicon coolers built
by LLNL - a major difference being that MDEC has built its coolers using copper sheets.
The higher conductivtity through the wafer thickness allows MDEC to use two rows of
microchannels, one on either side of the centerline of the wafer. As in the case of LLNL,
MDEC mounts the laser diodes on the sides of the wafer coolers, and stacks wafers to form

an array (as in Figure 6).

Each 1 mm thick cell is comprised of 3 copper or beryllium foils; two outer 125 um foils,
and an inner 0.75 mm foil. The inner foil is etched on both sides with 250 um deep
microchannels, machined hsing electrical discharge machining. While the width of the |
channels was not given, Saddleback estimates that it is probably about 100 um, with fins of
the same width. This design had not been tested as of the writing of the Reference 21 paper.
The earlier paper (Ref. 10) describes a prototype version of this design, which was thicker
(1.8 mm), but probably had microchannels of the same dimensions (although they may have
been up to twice as deep). Several prototype designs were fabricated in copper and BeO,
and tested to 125 W/cm?.
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In contrast to many of the experiments reviewed in this report, the MDEC experiments
represent thorough, reliable heat transfer measurements. Their experimental results are
shown below in Figure 7, which is adapted from Figure 11 of Reference 10. The CHIC
designs shown in the Figure were actually fabricated by Sunstrand, and are described in the
next subsection. As shown, the MDEC Double Pass design demonstrated a thermal
resistance as low as 0.125 °C/(W/cm?). The linear behavior of the Figure 7 curves indicates
a laminar flow condition, with a linear drop in caloric resistance (due to temperature rise in
the coolant) as the flow rate increases. This is consistent with MDEC’s design flow
condition of Re = 500.
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Figure 7. Heat transfer and pressure drop results from Reference 10 .

The pressure drop performance is also shown in Figure 7, and is also taken directly from
Reference 10 (Figure 17). The pressure drops for the double pass design are about 3X
higher than predicted by McDonnell-Douglas, and the authors attribute this to possiblé
channel deformation during diffusion bonding, or clogging due to soldering of the inlet/outlet
manifold tubing. It will be noted in later sections that Saddleback experienced similar
problems during the effort reported here, although the Saddleback pressure drops were

significantly lower than those of Figure 7.
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Sunstrand Corporation. Sunstrand has developed Compact High Intensity Coolers (CHICs)
as described in Reference 22. Testing.of two versions of CHICs was also described in
Reference 10, in which both McDonnell-Douglas and Sunstrand coolers were examined. The
CHIC was originally developed for the cooling of high power density space electronics, and
so was designed for fairly low heat fluxes - 50 W/cm?. A later version performed well in |
testing up to 125 W/cm?. Because the coolers were intended for use in space, Freon-21 was

selected as the primary coolant.

The CHIC concept is based on a staggered array of impingement jets. The jets are formed
by small (200 um) circular orifices etched in 100 um copper plates. The jets were spaced
100um from the faceplate, with a total of 3 rows of jets and spacers in a cooler. The
fabricated coolers had heated surface areas of 1 cm?, and versions built for side-mounting of
laser diodes have been built with thicknesses as low as lmm. A second design (CHIC #2)
was fabricated for the testing reported in Reference 10; this design had fewer, larger
rectangular orifices for reduced pressure drop, and improved internal thermal conduction

paths.

The performance of the two designs was illustrated in Figure 7, presented in the McDonnell-
Douglas discussion. As mentioned in that discussion, the tests were conducted so as to
provide accurate measurements of the cooler thermal resistances. The tests were conducted
with water, rather than Freon-21. The original cooler design demonstrated a thermal
resistance of 0.25 °C/(W/cm?), and a pressure drop of 30 psi at a flow rate of 2.8 g/s. The
improved design (CHIC #2) had half the thermal resistance of CHIC #1, and a pressure drop

“of only 11.5 psi at a flow rate of 5 g/s. These results showed that a fairly coarse array of
jets could provide superior performance to any of the other configurations tested in the
MDEC effort (Ref. 10).

Cornell University/Argonne & Brookhaven National Laboratories. Cornell’s efforts have

focussed mainly on cooling of silicon x-ray monochromator crystals. Most of their work has

involved relatively large channels etched or machined in silicon, and cooled with water or
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liquid gallium (in conjunction with Argonne National Laboratory). The heat fluxes for
monochromator crystals can be of the order of several kW/cm?, with very little temperature
rise allowed (to prevent thermostructural deformation of the crystal). Most of their data is
for channels of the order of 0.2 cm x 0.6 cm (References 23 - 25), although more recent
efforts have used 0.076 cm x 0.3 cm channels (Reference 26), and 0.004 cm x 0.04 cm

channels (Reference 8).

The latter effort was performed in concert with LLNL investigators, with a heat flux of 100
W/cm? over an area of approxlmately 2.5 cm?. The entire cooled area was 16 cm?, so
thermal spreading effects could have had a large influence. The measured thermal resistance
was about 0.05 °C/(W/cm?), but flow conditions and pressure drops were not reported.
Independent flow testing showed a 50 psi pressure drop at a flow rate of 16.7 g/s. The

results of this testing were consistent with previous LLNL test results.

North Carolina State University. North Carolina State has investigatéd two "microchannel"

configurations, although the channels they use are quite large when compared to those of
LLNL. These channels are used to cool electronic devices with fairly low heat fluxes (42
W/cm? local heat flux), so large channels can provide adequate performance. Two channel
configurations were tested in Reference 7: the first, the deep channel design, had dimensions
of 1 mm x 5.87 mm; the second, the shallow channel design, had dimensions of 0.1 mm x
5.87 mm. The layout of the designs was somewhat unusual- for microchannels. Normally
the long dimension of the channels is perpendicular to the heated surface, to permit
conduction down the metal channel walls. NCSU has used the opposite orientation, which is
easier to manufacture but has much worse performance. Our conclusion is that the work
described in Reference 7 has little relevance to the problem of microchannel cooling at high

heat fluxes.

Nippon Telephone and Telegraph. The authors of Reference 27 and Reference 9 have
developed and tested microchannels fabncated from silicon and alumina, respectively. These

structures are intended for cooling of VLSI chips, with heat fluxes of the order of 10 W/cm?,
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although excursions as high as 200 W/cm® were considered. While channels of many sizes
were evaluated in these studies, thermal resistance values were provided only for the case of
400 pm x 800 pm alumina channels. The thermal resistance varied between 2 - 4
°C/(W/cm?), depending upon flow conditions.

In Reference 28, two of the authors report fabricating a staggered micro-pin fin array, using
diamond-shaped fins machined in silicon. The fins were 150 um wide, 500 um lqng, and
300 um high. They were spaced on 300 um centers in the lateral direction, and 1000 um
centers in the flow direction. This design was not tested, but was predicted to have 1/3 the
resistance of 300 um x 300 um microchannels. This advantage would be greatly reduced for
closer latéral spacings of the fins, since the advantage of the fins in this case is the

interruption of the insulating boundary layer in the channel.

Others. TRW fabricated silicon microchannel coolers for laser diode arrays (Referenceu 19),

but Saddleback has been unable to locate any test data for these designs. The TRW cooler
test data is of interest for two reasons. First, because they etched very thin channels, with
very thin fins, as listed belowwih Table 2. This provides more heat transfer area per unit
heated area than a "standard" 25 um x 25 pm microchannel design, although at the sacrifice
of pressure drop and mechanical strength. The second interesting feature was the
manifolding. The manifold design produced effective channel lengths of only 333 um -
much shorter than any other channels, and only 50% longer than the combined inlet and
outlet widths. Such a design might be expected to have unusual hydraulic and heat transfer
characteristics; Saddleback’s conjecture is that it would provide high average heat transfer,

but with local hot spots and higher-than-predicted pressure drops.

Reference 30 describes work conducted at Sperry Corporation, which involved air-cooled
microchannel structures. Copper microchannels with channel widths of 125 um, 250 um,
and 625 um were fabricated and tested. Fin widths were equal to channel widths, and the
channel heights for all three models were 1.27 cm, with 0.5 cm faceplates. At an air flow
rate of 500 cc®/s, the thermal resistances for the three models were approximately 0.524,
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0.645, and 1.37 °C/(W/cm?), respectively. This represents an order of magnitude

improvement over conventional laminar flow air-cooled heat sinks.

Table 2. Comparison of TRW designs to other configurations

amnel Fin Channel ] Channel
Width Thickness Height Length l
9.3 um 5.7 um 200 um 330 um
14.3 um 5.7 um 200 pum 330 um
TRW 20 um 10 um 200 pm 330 um
25 pm 15 pm 200 um 330 um
LLNL 25 um 25 um 150 pm 1400 um
;:::1()1:::;:: 25 pm 25 um 225 um 775 um

2.2 ANALYSIS/OPTIMIZATION OF MICROCHANNEIL DESIGNS

While almost every effort described in the preceding section involved at least some analytic
and design optimization work, some studies either focussed on analytic technique, or spent
relatively large resources on design optimization. There are two major questions in this -
area: first, what are the optimal dimensions of a microchannel structure, given a design heat
flux and flow rate; and second, how significant are thermal spreading effects in the
microchannel faceplate? Another issue that has arisen is the question of flow regime - the
original microchannel concept was based on operation exclusively in the laminar flow
regime, while other authors have claimed that operating in turbulent flow will have better net
performance. The following paragraphs describe some of the analytic and design
optimization efforts which have addressed these questions, and which are relevant to the

current or to future programs.
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MIT/LL. The author of the Reference 4 report wrote a 2D analytic design code, called
MICROHEX, specifically for microchannel coolers. The code has been compared to test
data generated by MIT/LL and by Lawrence Livermore, énd has been very successful in
matching thermal test results. The code is capable of handling laminar, turbulent and
developing flows, and channels with smooth and roughened walls. The code computations
are based largely upon experimental correlations collected and adapted in Reference 4. It
includes 8 material models (including copper), and three fluid models (including water), and
/ " _so is a versatile, accurate means of predicting thermal performance of microchannel coolers.
The hydraulic performance predictions have not been as successful, with inaccuracies as high
as 50%. Saddleback recently obtained a copy of MICROHEX, though too late to perform
any comparative calculations for the Phase I program. In future efforts MICROHEX
predictions should be compared to Saddleback predictions, other analytic methods, and

experimental resuits.

In analytic design trades, the author concluded that turbulent flow operation could provide
reduced thermal resistance at equivalent pressure drop. No tests have yet been conducted in
this regime, however, so this conclusion is not yet experimentally verified. In the case of
turbulent flow predictions, experimental verification is crucial - even scaling results for one
fluid to a fluid with a different Prandtl number is difficult.

Auburn University. A microchannel sizing optimization methodology is presented in
References 31 and 32. The optimization methodology uses 1D empirically-based predictions
of heat transfer and flow performance, including turbulent and developing flow correlations.
Using this methodology, they established an optimal microchannel channel for conditions
comparable to those in Reference 11. The design differences were very slight, however, and

the performance improvement was only about 10%.

A larger advantage was calculated when the microchannels are designed for turbulent flow.
A 30% reduction in thermal resistance was predicted if the microchannels are made

approximately three times as wide, and the flow rate was increased by 2 1/2. This provided
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turbulent flow within the channels. The increased flow rate reduced the capacity resistance
(i.e., the equivalent resistance due to the temperature rise in the coolant) and the turbulence
increased the convective heat transfer coefficient. The conclusion that turbulent flow offers
superior performance is consistent with the findings in Reference 4, but this might be

expected, since the Auburn authors used many of the correlations listed in Reference 4.

The analytic optimization scheme was evaluated in experiments reported in Reference 33. In
this study, predictions of the performance of three air-cooled aluminum alloy fin systems
were prepared, and compared to experimental results for the same systems. The fins were
relatively large: 7.62 cm in length, 1.27 cm in height, and varying in width, but never less
than 0.3175 cm. The three fin systems had 6, 9, and 12 fins with predicted thermal
resistances of 21.66, 20.50, and 22.47 °C/(W/cm?) - the 9-fin design having the optimal
value by a margin of about 6%. The experimental results first showed a large
underprediction of the pressure drop through the fins; the flow rate was about 1/2 of the
predicted value. The thermal resistances were about twice the predicted values, although the
O-fin design did have the lowest thermal resistance. Though the authors claim that this is a
successful demonstration of the optimization method, the large discrepancies between the
predictions and the test conditions and results underline a need for further evaluations of this
method.

TRW. TRW performed an extensive set of design optimization trades in a contracted effort -
for the USAF Phillips Laboratory (Reference\29). They restricted their analysis to laminar
flow, and in fact claimed to operate in a Hele-Shaw flow regime. Hele-Shaw flow is a flow
“between parallel plates where inertial effects can be neglected in the fluid equations of
motion, leaving a greatly simplified version of the steady-state Navier-Stokes equation:

= - -il; %p; d-x,)
where i = 1,2 are the velocity components parallel to the channel walls, and i = 3 is the
velocity component normal to the channel walls (with the channel width = d). The use of

this reduced form allows one to derive an exact solution to the Navier-Stokes equations, and
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this is how TRW obtained their velocity streamlines and pressure contours. There is some

question, however, as to whether the Hele-Shaw approximation is applicable to the case of

microchannels.

B
7.

Batchelor (1967) notes that the Hele-Shaw form of the momentum equation can be used when

the inertial forces are small compared to the viscous forces, i.e., when:
a3
d(&q_li&[‘ L
R

where L is the channel length, or a length in the flow direction over which the velocity
change occurs. In the TRW configuration, the short channels turn the flow at the entrance
and exit ports, so that either the channel height of 200 um or the inlet/outlet port widths of
100 um are probably the best choice for L. For typical microchannels, d = 25 um, p = 1
g/cm’ (for water), Vp =(20 psi)/L, and pm = 0.0085 poi§e (for water). This requires that
L be-greater 330 pm, if L must be at least 10X the value on the left hand side of the

equation.

This simple analysis shows that inertial effects can be important, particularly in the entrance
and exit regions of the microchannels. There are several possible risks in neglecting the
inertial terms in the momentum equation. First, one may overlook the possibility of flow
separation and recirculation, which can cause the development of hot spots in the design.
Second, one can expect to underpredict the pressure drop along the channels. Finally, trade
studies conducted using the reduced form of the equations may mislead the designer in terms
of selecting an optimized design. For these reasons, Saddleback did not make use of the
TRW derivations and results in the Phase I trade studies, opting instead to use experimental

correlations and numerical solutions of the Navier-Stokes equations.

Others. In Reference '34, transient finite element calculations were carried out for 50 um x
250 um copper microchannels with S0 um fins. The microchannel cooled a heated area of

lem x 1 cm using f(layers of channels. An AIN layer was placed between the
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microchannels and the high power chip running at 1.5 kW/cm?. The AIN served as a heat
spreader and to match the thermal expansion of the silicon chip. Calculations were
performed with water flow rates of 7.5 g/s per layer, which corresponded to a pressure drop
of about 44 psi. The predicted thermal resistance between the chip and the coolant was
approximately‘ 0.067 °C/(W/cm?). This is one of the few numerical calculations conducted at

a heat fluxes of this level.

References 35' and 36 both proposed analytical optimization schemes, which are beyond the
scope of this work to cover. In work funded by USAF Wright Laboratories, the Reference
35 ‘paper concludes that channel height/width ratios “as large as possible” (> 10) provide
optimal performance, and that a 30% reduction in thermal resistance can be achieved if the
ratio of channel width to fin thickness is optimized (about 2). Sample calculations in
Reference,36y,' concur with this overall conclusion, although there are differences in the
numerical results.  In future efforts it would be useful to examine these methods in detail

and compare their predictions to experimental resuits.
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3.0 DESIGN REQUIREMENTS

The problem of semiconductor laser diode cooling falls into the broader class of electronics
cooling, though SLDAs are generally more sensitive to temperature and have higher heat
dissipation requirements than other electronic components. In this section we describe
general considerations for electronics cooling. In Section 3.1 we focus on problems specific
to laser diodes, and in ‘}:Section 3.2 we present the specific SLDA configuration and design
requirements addressed in the Phase I program. The technology demonstrated during the

Phase I study is applicable, however, to thermal management of most electronic components.

Predicted trends toward densely-packed multi-chip modules (MCMs) and high speed, high
power devices indicate the common occurrence of heat dissipation levels of 100 W/cm? by
the late-90’s. These trends are symptomatic of the increasingly severe thermal management
problems that pervade the electronics industry. Traditional methods of heat dissipation, such
as heat sinking and mounting on cold plates, are incapable of addressing these problems. Air

cooling, for examplé, is now expected to be inadequate for micro-computers within 5 years.

Thermal dissipation requirements for military systems are even more stressing. Power
transistors used in radar systems can generate heat fluxes from 100 - 500 W/cm?, which lie
well beyond the capabilities of conventional thermal management technology. Thermal
management is critical for the majority of electronic components, since component lifetime is

directly related to operating temperature.

A variety of means of cooling electronics have been addressed. Figure 8, adapted from
Reference 37, compares the performance of several approaches including immersion cooling
and microchannel cooling. As shown, microchannel cooling offers far better performance
than any of the other candidates, and the Saddleback copper microchannels are predicted to
have superior performance to conventional silicon microchannels. It is this degree of
performance that suggests its use for the severe heat fluxes produced in semiconductor laser

diode arrays.
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3.1 DESCRIPTION OF THE SLDA COOLING PROBLEM

Semiconductor laser diodes have a variety of potential applications, including the pumping of
solid-state lasers, service as medical lasers, and a variety of uses in optical communications.
Most of these applications, particularly pumping solid-state lasers, require large optical
output from the laser diode. The SLDA cooling problem is thus more severe than most
electronics cooling cases because achieving these high optical output powers requires driving
large powers through very small volumes in semiconductor materials. The waste heat from
this process generates extremely high local heat ﬂuxes, -greater-than 10 kW/cm? in some
instances, and the material conductivity is usually low (for instance, kg,,, = 0.45 W/cm/K).

To alleviate this problem, several diodes are used in an array, with each diode contributing
its portion to the total output power, and dissipating only a fraction of the total waste heat.
Array spacing can therefore be limited by thermal concerns, since high heat flux devices
must be spaced more widely apart than low heat flux devices. Heat dissipation can also
affect the selection of the laser diode configuration itself. The investigators in Reference 38,
for example, fabricated very small cylindrical diodes to allow 3D thermal conduction rather
than fabricating diode bars, which have a 2D conduction geometry.

In addition to the dissipation of high heat fluxes, high power SLDAs also require an unusual
degree of temperature stability. The temperature cannot change either across the array or in-
time, because the diode output wavelength is a sensitive function of temperature. In fact,
LLNL, MIT/LL, and Perkin-Elmer (see discussions in Section 2) have all used the output
‘wavelength as a measure of junction temperature in their thermal performance experiments.
A typical value from these experiments is 3 éngstroms’twavelength shift for every degree

Celsius. The efficiency of the device is also a function of temperature.

Diode laser require electrical contacts, with the heatsink components serving as a ground
plane. For silicon heatsinks metallization of the surface is required, but for copper heatsinks
such as developed in this Phase I study, no additional surface preparation is required. This
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simplifies attachment, unless a diamond heat spreading layer is required between the laser
and the cooler. One of the benefits of the stringent temperature control requirements is that
thermal stresses at the joints are virtual eliminated - the assembly is essentially kept at room

temperature, with no lateral thermal gradients.

3.2 PHASE I DESIGN GOALS

In the Phase I study, Phillips Laboratory provided thermal design requirements for a specific
array design to Saddleback Aerospace - these are shown in Figure 9. The figure shows a
100 ym x 1000 um semiconductor laser diode bars on 900 um centers. The active layer is 1
y.m- 2 pm thick, and the GaAs substrate is 100 um thick. A typical array would have 10 of
these diode bars, spanning approximately 1 cm. The bars are expected to be 0.5 mm -1mm
in length. Each bar dissipates 10 W, giving an average heat flux over the array of about
1000 W/cmz///;md a local heat flux at the bar of 10000 W/cm?. The junction design
temperature is 300 K, and the junctions across the array must be maintained within +/- 1 K.
It was assumed that the diodes are mounted in an inverted configuration with the active layer

against the SLAC so that the thermal resistance of the device itself is negligible.

The Phillips Laboratory requirements also included packaging constraints. Minimal volume
configurations were desired, to facilitate eventual operational implementation. A second

requirement was to provide manifolding and coolant supply lines without intruding laterally -
beyond the frontal area of the cooler. This specification is intended to allow eventual tiling

of individual arrays, to form arrays of arrays.

The approach in the Phase I study was to take the detailed thermal requirements provided by
Phillips Laboratory, and to design a microchannel cooler to the thermal specifications only.
No consideration was given in the Phase I study to issues such as details of SLDA mounting,
electrical/optical interfaces, and general integration of the cooler into optical systems.

Instead the program focussed on meeting the stringent thermal requirements in a compact

package, and providing a simple flat surface upon which the SLDA could be eventually

28




mounted. In future studies, a variety of integration architectures, such as.the low,

intermediate, and high integration architectures discussed in Reference 3?, may be examined.

No special environmental constraints, such as unusual temperature ranges or chemical
compatibility requirements, were levied during the Phase I study. For this reason copper
was selected as the microchannel material, and water was selected as the coolant. These
selections were made, by agreement with USAF/PL, for convenience and to take advantage
of the obvious performance benefits of these materials. Alternative materials and coolants
Jé;&d be used if the need arises. For example, in the event that operation in a space
environment becomes of interest, a coolant with a lower freezing temperature than water

(such as freon) could be employed.
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Figure 9. Phase I design requirements - 1D SLDA configuration .
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4.0 ANALYTIC TRADE STUDIES

Analytic trade studies were performed to identify design sensitivities and to support the
prototype design task. At the beginning of the optimization studies, parametric 1D analyses
were used to evaluate performance trends and to predict the best-performing designs. The
1D analyses used empirically-derived formulas to predict heat transfer coefficients and
friction factors for pressure loss. Subsequently 2D numerical analyses were performed to
provide a more detailed look at specific design areas. One set of numerical analysés
examined the ﬂov?ﬁeld characteristics within the microchannels to determine when and where
recirculation and stagnation zones might develop. The second set evaluated the performance

of a diamond heat spreader to aid in sizing the required heat spreader thickness.

The results of the trades showed that a copper microchannel structure with a diamond heat
spreader could dissipate the 10 kW/cm? required by the Phillips Laboratory design
specifications. The sizing information provided in the trades was then used to design the
Phase I prototype models, as described in Section 5. The three sections directly below -
describe the details of the 1D, 2D ﬂovsfﬁeld, and 2D heat spreader analyses.

4.1 1D MICROCHANNEL SIZ DI

As mentioned in Section 3, copper was selected for the SLAC material, and water was
chosen as the coolant. In all calculations conducted in the Phase I study, contact thermal and
internal laser diode resistances were neglected. Thus, the heat-generating active region of
the diode is assumed to be in perfect contact with the outer surface of the copper faceplate.
This should not provide much error in the analyses: typical thermal resistances for the diode
interior and an indium solder interface are 0.0002 and 0.002 °C/(W/cm?), respectively, while
the thermal resistance values of interest (between the heated surface and the coolant) in this

program range from 0.04 - 0.1 °C/(W/cm?).
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The minimum faceplate thickness is currently fixed at a 125 um due to manufacturing
constraints. At the design heat flux, the temperature drop through even the minimum
thickness face plate is very high,"/a:nd can exceed the allowable temperature difference
between the device (@ 300 K) and the coolant (liquid water with T, = 273.2 K). This
effect is shown in Figure 10, which presents the temperature drop vs. faceplate thickness for
several materials of interest. The design conditions given above, taken with the desirability
of using water as a coolant, led to the conclusion that a heat spreader must be used to

distribute the heat flux over a larger area at the SLAC interface.
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Figure 10. 1D calculations of temperature drop across the microchannel faceplate.

Initially, a simplé set of calculations were performed to examine the required characteristics

“of a heat spreader. One-dimensional fin effectiveness calculations were performed to prov1de

a rough sizing for the spreader. The copper face plate itself serves to distribute the heat flux
laterally; the effective heat transfer area is increased by approximately a factor of 4. This
also reduces the average temperature drop across the face’plate thickness by roughly a factor
of 4, from 31°C to about 8°C. The resultant average heat flux is still too high, however, to
be accommodated by microchannels with or without fins. It was determined during the

course of the 1D trades (described in Section 4.1) that the average heat flux would have to be
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reduced to less than about 1700 W/cm? in order for microchannel structures of reasonable

;dimensions (e.g., ~ 25 pum channel width) to be used.

Figure 11 compares the required thicknesses for Chemical Vapor-Deposited (CVD) diamond
and natural diamond heat spreaders. The calculations are based on 1D fin effectivenesses,
with adiabatic walls on the air side and at the ends of the spreader. The excess temperature
calculated using this approach cognparéd well with the 2D calculations presented for an
axisymmetric body in Reference 40. The thermal conductivity for CVD diamond was taken
froxﬁ Reference 40 as 2170 W/m/K through the thickness and 1300 W/m/K in the direction
parallel to the interface. The conductivity for natural diamond (Type IIA) was taken as 2400
W/m/K. The figure shows that the average heat flux can be reduced by a factor of 7‘“(to
about 1400 W/cm?) using either a CVD diamond spreader with a thickness of 250 um, or a
natural diamond spreader with a thickness of 150 um. The temperature drop across the 250
pm CVD diamond layer would be about 1.6 K, which is added to the drop across the face -
plate of 4.5 K. These values were used in the remainder of the 1D trade studies.
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Figure 11. 1D heat spreader sizing analysis.
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The thermal performance and pressure drop were computed for microchannels with no
secondary fins. The results are shown in Figure 12. The figure presents comparisons of the
performances of copper and silicon microchannels of varying dimensions. The
microchannels are assumed to run perpendicularly to the laser diode bar to reduce the
pressure drop and thermal gradients in the diode. The total water flow rate was kept
constant for all the calculations at 1 g/s, giving a temperature rise of about 2 K (from an
inlet temperature of 275.2 K). The channel width and primary fin thickness were kept
constant for each curve (with the values shown in the legend), and the channel height was

varied.

As the figure illustrates, the copper microchannel structures are much more effective for a
given geometry than are the silicon structures. In fact, only the 12.5 um and 25 um copper
microchannels meet the heat dissipation requirement (= 1400 W/cm? on the y-axis of Figure
12a). All the curves level off with channel height (= primary fin length) as the primary fin
effectiveness goes to zero; the effect is more rapid for thinner fins and for the lower
conductivity material. The pressure drops shown are reasonable, with the exception of the
12.5 um channel case. As Figure 12a shows, the channel height should be about 200 um for
the 12.5 um channel, but the corresponding pressure drop shown in Figure 4b is about 350
psi. A practical limit for microchannel use is probably in the range of 50 - 100 psi, with

pressure drops of 25 - 30 psi being more desirable.

Similar calculations were then performed for the case of 25 pm copper microchannels with
secondary fins - these results are presented in Figures 13 - 15. In Figure 13, circular
secondary fins of diameter = 100 um were used at various fin spacings. The results are
compared to the 25 um copper case (no secondary fins) presented in Figure 12. This
comparison should be treated with caution, since different correlations are used for finned
and unfinned microchannels. The thermal performance for the finned microchannels is
calculated using a Reynolds number-dependent correlation based on Reference 2 results,

while that for the unfinned channels is independent of Reynolds number. Thus, at high
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Reynolds numbers (i.e., small channel heights since the flow rate is fixed), the heat transfer

coefficient is much higher for the finned channels than for the unfinned channels.

An interesting feature of the Figure 13 calculations is that the secondary fins actually reduce
the available heat transfer area, so that the largest fin spacing yields the best thermal
performance. This is because the secondary fin height (= channel width) is much smaller
than the fin diameter, so that the fin footprint is larger than its exposed surface area. The
microchannels maintain superior thermal performance (compared to microchannels with no
secondary fins) due to the increased heat transfer coefficient, which is due in turn to the
intefuption of the boundary layer due to the presence of the fins. Figures 14 and 15 show a
reversal of the order of performance, with the densest fin arrays yielding the highest thermal
performance. This is due to the smaller fin diameters for those cases - Figure 14 = 50 um,
and Figure 15 = 25 um. The fin height is constant at 25 um in all cases.

Overall, the microchannel thermal performance appears to be insensitive to fin diameter and
fin spacing, with the exception of the 120};m fin spacing cases shown in Figures 14 and 15.
In those cases, the heat transfer area and Reynolds number have increased substantially in
comparison to the other spacings, yielding higher thermal performance, but high pressure
drops as well. For a constant 50 psi pressure drop, the best thermal performances 